During development and disease, cells migrate collectively in response to gradients in physical, chemical and electrical cues. Despite its physiological significance and potential therapeutic applications, electrotactic collective cell movement is relatively less well understood. Here, we analyze the combined effect of intercellular interactions and electric fields on the directional migration of non-transformed mammary epithelial cells, MCF-10A. Our data show that clustered cells exhibit greater sensitivity to applied electric fields but align more slowly than isolated cells. Clustered cells achieve half-maximal directedness with an electric field that is 50% weaker than that required by isolated cells; however, clustered cells take~2-4 fold longer to align. This trade-off in greater sensitivity and slower dynamics correlates with the slower speed and intrinsic directedness of collective movement even in the absence of an electric field. Whereas isolated cells exhibit a persistent random walk, the trajectories of clustered cells are more ballistic as evidenced by the superlinear dependence of their mean square displacement on time. Thus, intrinsically-directed, slower clustered cells take longer to redirect and align with an electric field. These findings help to define the operating space and the engineering trade-offs for using electric fields to affect cell movement in biomedical applications.
INTRODUCTION
Extracellular electric fields are commonly found within the body in both healthy and diseased tissue. Transepithelial potentials (TEPs) on the order of tens of millivolts have been measured in tissues, such as skin, breast and prostate ducts. 8, 11, 26 Larger potentials on the order of hundreds of millivolts are generated by the flow of blood through the human circulatory system. 2 Rapid cell growth and associated significant alterations in surface charges induces an electric field between the tumor environment and regions of healthy tissue adjacent to it. 6 These extracellular electric fields play an important role in physiological processes. It is well known that reorientation and extension of neuron processes are influenced by electric fields. 25 Meanwhile, wounds in tissues, such as the skin, compromise the TEP and produce an ionic current, providing a stimulus for directed cell migration to close the wound. 41 For example, currents of up to 1 lA/mm of wound perimeter and electric fields of up to 2 V/cm were observed in wounds of skin epithelium. 11 In fact, imposing an opposing electric field is sufficient to overwhelm other stimuli and reverse wound closure, with cells migrating away from the wound edge. 27, 40, 41 The alignment of cell migration within externally applied electric fields, known as electrotaxis, has been reported in a number of cell systems, including fibroblasts, endothelial cells and normal and cancerous epithelial cells. 13, 20, 21, 32, 35, 39 For tissues such as the epithelium and endothelium, understanding electrotaxis particularly in the context of collective movement is important. Directed collective migration plays an important role in processes such as wound healing, angiogenesis and the metastasis of cancer cells away from the primary tumor. 4, 5, 17, 28, 36 Geometric confinement, substrate stiffness and other microenvironmental parameters are known to affect the ability and efficiency of collective movement. 24, 29, 37 With electric fields already being applied in clinical applications, such as drug delivery, hyperthermic eradication of tumors, spinal cord regrowth, and ulcer healing, 12, 15, 18, 30 it is essential to understand the effect of electric fields on cell migration in surrounding tissues where cell-cell interactions are prevalent. Furthermore, a quantitative understanding of the effect of electric field on the dynamics of collective migration would offer insights into utilizing this microenvironmental property to tune multicellular rearrangements in applications such as tissue engineering.
Collective movement is fundamentally different from the migration of isolated cells. Migration within a cluster requires the maintenance of intercellular adhesions and cell-cell signaling complexes. During collective migration, cell-cell adhesions allow for mechanotransduction and the propagation of correlated movement. 14, 24 Likewise, gap junctions within an epithelial layer mediate direct intercellular exchange of second messengers, particularly relevant to electric fields as they affect the distribution of calcium and other ions. 1, 23 Furthermore, the movement of clustered cells may be contact-inhibited and constrained by the lack of space to extend protrusions. 22 While both isolated and clustered cells remodel the underlying matrix and produce and consume growth factors, 33 these processes are likely to be significantly different in the two situations due to differential ligand processing at the higher local density of cells in a cluster and due to the effect of cell-cell interactions on the distribution of forces that act on and help to remodel the matrix.
Given the complexity of collective movement, it is unclear how an electric field will affect collective migration and how this effect will differ from the response of isolated cells. In this study, we examine this question by conducting a quantitative comparative analysis of the electrotaxis of isolated and clustered cells using the MCF-10A non-transformed human mammary epithelial cell line as a model system.
MATERIALS AND METHODS

Cell Culture
MCF-10A non-transformed human mammary epithelial cells were obtained from ATCC. Cells were cultured in growth medium composed of Dulbecco's modified Eagle's medium/Ham's F-12 containing HEPES and L-glutamine (DMEM/F12, Invitrogen) supplemented with 5% horse serum (Invitrogen), 1% penicillin/streptomycin (Invitrogen), 10 lg/mL insulin (Sigma), 0.5 lg/mL hydrocortisone (Sigma), 20 ng/mL EGF (Peprotech) and 0.1 lg/mL cholera toxin (Sigma) and were maintained under humidified conditions at 37°C and 5% CO 2 . Cells were passaged as described previously 16 and were discarded after passage 35.
Device Fabrication
The electrotactic chamber was assembled similar to that described and validated by Song. 31 Briefly, poly-styrene dishes (60 mm) were taken and marked with lines 12 mm apart. Number 1 glass coverslips (22 9 22 mm 2 ) were cut in half and then attached to either side of the lines using DC4 silicon grease (Dow Corning), leaving a 12 mm gap between them to produce a 12 mm 9 22 mm cell seeding region on the dish. Barriers were constructed orthogonally from the edge of the glass coverslips using 3140 silicon adhesive (Dow Corning) in order to produce two media reservoirs on either side of the 12 mm 9 22 mm gap. Dishes were then left to dry for at least 12 h while being sterilized under ultraviolet light and were then stored for up to 4 weeks.
Polydimethylsiloxane (PDMS) was synthesized by mixing prepolymer to cross-linker in a 10:1 ratio. In order to remove air bubbles from the mixture, and therefore from the finished product, the solution was degassed in a vacuum chamber until expulsion of bubbles ceases. The mixture was then cured at 80°C for 1 h in an unmodified plastic dish (100 mm diameter). Wells were cut from PDMS blocks so as to fit onto the gap between the coverslips and sterilized.
Dishes were then coated with a 10 lg/mL solution of fibronectin (Invitrogen) in PBS (Invitrogen) for 1 h prior to cell seeding. Cell solution (500 lL) was seeded into the PDMS well placed between the coverslips at varying concentrations (~10 3 -10 5 cells/mL) and left to adhere for at least 12 h in incubation. After rinsing with growth media to removed non-adherent cells, a coverslip roof was attached to the chamber via DC4 silicon grease in order define a chamber with dimensions 12 mm 9 22 mm 9 0.15 mm. After closing the chamber, media was replenished once more before imaging.
Image Acquisition
Imaging was performed on an AxioVert 200 M inverted microscope (Zeiss). Devices were maintained at 37°C and 5% CO 2 for 6 h. Current was delivered to the chamber via two agar bridges (6¢¢ 9 7 mm ID) which were bent under flame to fit beneath the condenser of the microscope. The agar bridges were comprised of a 5% w/v solution of agarose (EMD) dissolved in heated serum free media and left to cool and solidify at 37°C. The use of serum free media in the agar bridges was found to help stabilize the pH of the media throughout the 6 h experimental window. Current was generated by a WaveNowXV potentiostat (Pine) connected to disposable aluminum electrodes resting in reservoirs of 1 M KCl solution. KCl reservoirs were kept at approximately equal liquid height as the media in the device to prevent syphoning of fluid. After 6 h, no syphoning of KCl into device media was observed. Phase images were taken every 5 min.
Image Analysis and Quantification of Cell Migration
Time lapse images were processed using a custom tracking interface written in MATLAB (MathWorks, Natick, MA) in order to extract the two-dimensional position of cells with respect to time and store them in Excel. Cells were manually selected in the initial frame of reference for each video and were subsequently tracked individually with the user specifying the cell center. Cells which divided during the middle of the video were discarded, as well as cells which died, detached from the substrate, or were otherwise compromised. In the case of isolated cells, colliding/attaching with another cell also led to discarding. Cells which left the field of vision were tracked until that time, and positional data from time 0 to t, where t < 6 h, was compiled with the remainder of the data.
Cell trajectories were analyzed further using MATLAB to assess several properties of migration.
Directedness (D) was calculated using Eq. (1),
where h is the angle between the electric field (black vector shown in Fig. 1 ) and the cell displacement (red vector shown in Fig. 1 ). By this definition, a directedness value of 1 or -1 would be indicative of a net directional bias toward the anode or the cathode, respectively. Persistence was calculated from Eq. (2),
where l is the path length of a cell (blue line shown in Fig. 1 ) and x is the net displacement over the same amount of time. The additive predicted persistence of clustered cells (P*) was calculated by Eq.
(3),
where E is the electric field strength and P isolated and P clustered are the measured values of persistence of the isolated and clustered cells, respectively. The error in P* was computed by the propagation of errors and is equal to the sum of the errors associated with each term that contributes to the value of P*. Mean square displacement (MSD) was calculated from Eq. (4),
where x(Dt, c) represents the displacement of a cell between its position at time, t, and t + Dt for case, c. n is the number of possible cases for which the displacement at Dt can be calculated. For example, 12 cases of Dt = 5 min exist per cell in a 1 h long time lapse. Therefore, n would equal the sample size of cells multiplied by 12.
The MSD curves were then plotted and fitted to Eq. (5) using MATLAB's nlinfit command in order to calculate the exponent of the function,
where t is the time difference between two points and a and b are calculated coefficients. The evolution of directedness, D(t), for cells initially moving in the direction opposite to the expected long term direction was fit to the following exponential recovery model using MATLAB's nlinfit:
where D ss is the upper asymptote (steady-state value) of the curve, D min is the nadir of the curve, k is recovery coefficient (min À1 ), and t is the time (min). The characteristic time needed to reach half maximal recovery (s) is related to the recovery coefficient by the following equation:
RESULTS
Clustered MCF-10A Cells are More Sensitive to Electric Potential than Isolated Counterparts
To investigate collective movement in an electric field, the trajectory of isolated and clustered MCF-10A cells were observed by time-lapse microscopy in the absence of an electric field or in the presence of different electric field strengths. In the presence of an electric field of 1.0 V/cm, both isolated and clustered cells were observed to migrate toward the anode ( Fig. 2a and Supplemental Videos 1-2). Meanwhile, in the absence of an electric field, there was no apparent directional bias in the movement of the cells (Supplemental Videos 3-4). Visualizing the trajectory of twenty randomly selected cells qualitatively confirmed the electrotactic movement of both isolated and clustered MCF-10A cells (Fig. 2b ). Interestingly, from this small sample of trajectories, isolated cells appeared to require an electric field strength of 0.51 V/cm to direct their migration toward the anode; in contrast, clustered cells seemed to exhibit directed migration within a weaker electric field of 0.26 V/cm.
To investigate more quantitatively whether isolated and clustered cells have different sensitivity to electric field strength, we quantified the trajectories of approximately 2500 isolated and 7000 clustered cells across five levels of electric field. We determined the percentage of cells migrating toward the anode of the electric field: cells whose final position was closer to the anode than their initial position were scored as having migrated toward the anode (Table 1) . Cluster size ranged from dozens of cells to hundreds of cells reaching partial confluence. Even at the lowest applied electric field of 0.13 V/cm, a much larger fraction of clustered cells moved toward the anode in comparison to isolated cells. Meanwhile, under control conditions in the absence of an electric field, both isolated and clustered cells showed no appreciable bias toward the anode.
To gauge the extent to which cell movement is aligned with the electric field, we quantified the directedness as the cosine of the angle between the cell displacement vector and the axis of the electric field (see ''Materials and Methods''). A directedness value of 1 or -1 would be indicative of a net directional bias toward the anode or the cathode, respectively.
Our measurements show that for a particular magnitude of electric field, clustered cells become more aligned than isolated cells within the 6 h observation window (Fig. 3 ). In addition, we observe a change in the threshold required to initiate an electrotactic response. The lowest applied electric field (0.13 V/cm) is sufficient to increase the directedness of clustered cells above the baseline control case where no electric field is presented as indicated by a two-tailed t test comparing the distributions of directedness in each case (p < 0.01). In contrast, isolated cells require an electric field of 0.26 V/cm or greater in order to shift from their baseline response (p < 0.01). A weaker electric field of 0.13 V/cm is insufficient to induce directedness of isolated cells (p > 0.01).
To examine the directedness of cells at a single-cell level, we constructed circular histograms (rose plots) of the angle between the vector of displacement after the observation window and the axis of the electric field ( Fig. 4) . Using the omnibus test in the Circular Statistics Toolbox for MATLAB, 3 we tested the null hypothesis that the distribution of angles is uniform. Among isolated cells exposed to an electric field, the null hypothesis was rejected for electric fields at or above 0.26 V/cm (p < 0.01) but not at 0.13 V/cm, further confirming that a potential gradient greater than 0.13 V/cm is needed to induce electrotaxis of isolated cells. In contrast, the rose plot for clustered cells scored as nonuniform at all applied electric fields.
The v test confirmed that the directional bias is indeed toward zero degrees, the direction of the anode, in all cases for which the omnibus test rejected the null hypothesis. These results show that clustered MCF-10A cells are indeed more sensitive to an electric field than isolated cells, consistent with similar enhanced sensitivity of clustered MDCK I and MDCK II cells reported previously. 19 Interestingly, the rose plots for clustered cells exhibited an unexpected feature in the control case where no external electric field is applied. The omnibus test revealed that the displacement direction of clustered cells was nonuniform. In contrast, isolated cells exhibited a uniform distribution of displacement angles under control conditions. Further analysis with the v test revealed that the direction of movement of clustered cells was nonuniform with a range of angles showing bias, which included 45°and 135°. These results are attributed to the fact that clustered cells initially share an orientation of movement with their neighbors which is stochastic in nature. These subgroups effectively reduce the sample size of independent angles, thus giving rise to a multi-modal distribution of displacement angles across the population.
Cell Clustering and an External Electric Field Additively Enhance Ballistic and Persistent Cell Movement
Our analysis shows that isolated cells have no directional bias in the absence of an external field and acquire directed movement toward the anode upon exposure to a suprathreshold electric field. These results suggest the hypothesis that isolated cells move in a persistent random walk in the absence of a field and acquire a more ballistic trajectory toward the anode upon exposure to an electric field. In contrast, our analysis demonstrates that even in the absence of an external field, subgroups of clustered cells move in a directed manner, and the external electric field acts to reorient these subgroups in the direction of the anode. Therefore, we hypothesized that clustered cells may exhibit ballistic movement even in the absence of an electric field.
Since cells with a more ballistic migration trajectory would be expected to show greater persistence, we tested this hypothesis by analyzing the persistence of clustered vs. isolated cells in the absence and presence of an electric field. Persistence was quantified as the ratio of net displacement to total distance traveled throughout the observation window (Eq. (2)). We found that the persistence of clustered cells was nearly two-fold greater than that of isolated cells in the absence of an applied electric field. The effect of applying an electric field on persistence was modest but statistically significant via ANOVA (p < 0.01). Exposure to an electric field of 0.51 V/cm and greater increased the persistence of both isolated and clustered cells (Fig. 5 ). Notably, the difference in the persistence of isolated cells and that of clustered cells remained approximately constant at all electric fields, suggesting that the effects of cell clustering and the electric field on the directed migration of MCF-10A cells are additive. To examine this possibility more quantitatively, we calculated the persistence of clustered cells that would be predicted if the effect of electric field and clustering were additive (see ''Materials and Methods''). The additive model predicts the persistence of clustered cells with~90% accuracy (Fig. 5) .
To further characterize the ballistic vs. diffusive movement of isolated and clustered cells, we analyzed the mean square displacement (MSD) calculated from cell migration trajectories (Figs. 6a and 6b) . A ballistic particle exhibits a second-order dependence of MSD on the duration of observation while the MSD will increase linearly with the time of observation for a particle undergoing Brownian motion or a random walk model of cell migration. 9 For isolated cells, we observe that the MSD increases linearly with the duration of observation in the absence of a field and for low electric fields. However, at higher field strengths (e.g., 1.0 V/cm), the dependence of MSD on duration of observation begins to exhibit some upward curvature. In contrast, for clustered cells, the curves showing the dependence of MSD on the time of observation are clearly concave upward in the absence of the electric field and for all applied electric fields. Interestingly, we see a decrease in the MSD for clustered cells (Fig. 6b ) at electric fields of 0.13 and 0.26 V/cm, which corre- In the absence of an electric field and at an electric field of 0.13 V/cm, the p value of the omnibus test was greater than 0.01. At all electric field strengths greater than 0.13 V/cm, the p value of the omnibus test was less than 0.01. These distributions also had p values less than 0.01 for the v test with selected mean of 0°. (b) Rose plots of clustered cells in the absence of an electric fields (left column) or the presence of an electric field of 0.13, 0.26, 0.51, or 1.0 V/cm. Again, the anode and cathode are at 0 and 180 degrees, respectively. At all electric field strengths greater than 0 V/cm, the p value of the omnibus test was less than 0.01. These also had p values less than 0.01 for the v test with selected mean of 0°. At 0 V/cm, there was a significant difference between the observed distribution and a uniform distribution although when analyzed with the v test, the null hypothesis could be rejected for a range of angles which included 15°, 45°, 90°, and 135°.
sponds to an observed 20% decrease in the average speed of the cells (Fig. 6c ). The speed is then recovered at higher electric fields, reflected in the increase of MSD for electric fields of 0.51 and 1.0 V/cm. Notably, the speed of isolated cells is approximately twice the speed of clustered cells for all values of the electric field.
In order to characterize the extent to which the migration path was diffusive vs. ballistic, independent of cell speed, the dependence of MSD on the time of observation was fitted to a power law curve (Eq. (5)) and the exponent (b) of the power law was determined (Fig. 6d) . A b value of 1 is consistent with a persistent random walk while a b value of 2 indicates purely ballistic motion. The b value for clustered cells was 1.6 in the absence of an electric field. In contrast, the value of the exponent for isolated cells in the absence of an electric field was 1.03. These results demonstrate that in the absence of an external field, cell clustering provides supradiffusive and more ballistic character to cell movement.
The value of b increased with electric field strength, indicating that cells move in a less random path when biased by an electric field. Notably, the difference in the value of b between isolated cells and cell clusters remained fairly constant across all electric field strengths, thereby disentangling the effect of cell clus-tering and electric field on promoting ballistic cell movement. These results provide further evidence that the effects of cell clustering and the application of an electric field act additively, even if not entirely independently, on cell migration.
Clustered Cells Require Longer Time to Reorient in an Electric Field
Since clustered cells are slower and significantly more ballistic and persistent in their motion, even when no electric field is applied, we reasoned that cells in clusters may take longer to orient themselves within an electric field than isolated cells. To examine this hypothesis, we identified cells that were initially moving toward the cathode and quantified their reorientation toward the anode. Cells whose displacement was toward the cathode during the first hour were filtered, and their mean directedness was determined over time.
As shown in Fig. 7a , the directedness of filtered cells initially trends more negative as we are considering only cells that move toward the cathode. The directedness then recovers as these cells achieve their steadystate orientations. In the control case without an electric field, the directedness approaches a steadystate value near zero, as would be expected for all cells in the long term without any external bias. In the presence of an electric field, cells recover to a directedness value greater than that observed under control conditions. At higher electric fields, the directedness reaches a higher steady-state value. At extremely high potential (1 V/cm), an order of magnitude greater than the threshold needed to initiate electrotaxis (approx. 0.13 V/cm), both clustered and isolated cells achieve directedness in approximately the same timescale. This convergence suggests that cell-cell interactions may begin to break down at stronger electric fields. Except for the highest electric field, the directedness of isolated cells reaches a steady-state more quickly than that of clustered cells, consistent with our hypothesis.
To quantify the kinetics, the time course of the recovery in directedness was fit to an exponential function (Eq. (6)) by taking the nadir of the curve as the initial point and the characteristic time needed to reach half-maximal directedness was determined (Fig. 7b) . The timescale for the reorientation of clustered cells was approximately 2-8 times longer than isolated cells in the absence of an electric field and for electric fields weaker than 1.0 V/cm. Since the difference in speed of isolated and clustered cells is only two-fold at all electric fields (Fig. 6c ), the slower movement only partially explains the retarded reorientation kinetics of clustered cells. These results support our hypothesis that the inherent ballistic and persistent movement of clustered cells, is a significant contributing factor in the . Persistence of cells under varying electric field strengths. The persistence was calculated as the ratio between net displacement and total distance traveled. The measured mean persistence (solid lines) for isolated (red) and clustered (blue) cells is shown for electric fields of 0, 0.13, 0.26, 0.51, and 1.0 V/cm. The predicted persistence for clustered cells (dotted blue) is calculated as the additive effect of the electric field and cell clustering (see ''Materials and Methods''). Error bars for the measured persistence indicate standard error of the mean, and the error bars for the predicted persistence is computed by the propagation of errors of the measured values of persistence (see ''Materials and Methods'').
slower orientation dynamics of clustered cells in electric fields of low to moderate magnitude.
DISCUSSION
In this study, we identify three significant features that distinguish the electrotaxis of clustered mammary epithelial cells from that of isolated cells. First, clustered cells are more sensitive to the magnitude of the electric potential than isolated cells: clustered cells achieve greater directedness at lower electric field strength. Second, cell clustering and an electric field have an approximately additive effect on the persistence of cell movement. Even in the absence of an external electric field, the migration trajectory of clustered cells is inherently more persistent than the random walk exhibited by isolated cells. The application of an electric field enhances this persistence but to a similar extent in both clustered and isolated cells, revealing that cell clustering and an electric field have separate, superimposable effects on the persistence of cell movement. Finally, we show that the inherent persistence of clustered cells renders them slower to align with an external electric field when compared to isolated cells. Thus, although clustered cells ultimately achieve a greater directedness at lower electric potential, the dynamics of their alignment are retarded by the extra time it takes to reorient cells that are already directed.
Clustered mammary epithelial cells align with an external electric field at a lower field strength than isolated cells. The effective potential (EP50) to reach half maximal fraction of aligned cells for clustered cells is approximately 0.2 V/cm whereas the EP50 for isolated cells is approximately 0.3 V/cm ( Table 1 ). The higher electrotactic sensitivity of clustered MCF-10A cells is consistent with observations that MDCK I and MDCK II cells are more sensitive to an electric field when clustered. 19 In comparison to MDCK cells, MCF-10A cells form weak tight junctions due to reduced expression of ZO-1, 10 leading us to conclude that strong tight junctions are not necessary for the enhanced electrotactic responsiveness of clustered cells. Meanwhile, E-cadherin-mediated adherens junctions seem to play an important role since the knockdown of E-cadherin abrogated the enhanced directedness of clustered MDCK cells in an electric field. 19 Our data suggest that cell clusters align to an electric field with greater sensitivity than isolated cells because cells in clusters are inherently more directed. We find that even in the absence of an external field, the migration trajectory of clustered cells is highly persistent (Fig. 5 ) and comparatively ballistic (Fig. 6 ). In contrast, the migration paths of isolated cells exhibit diffusive behavior characterized by a linear dependence of mean square displacement (MSD) with time. Furthermore, exposure to an external electric field increases the persistence of both clustered and isolated cells in an equivalent manner. Since the electric field does not have a comparatively stronger effect on the persistence of clustered vs. isolated cells, we propose a model wherein the intrinsic persistence endowed by clustering underpins the enhanced sensitivity of clustered cells to an electric field.
At least two factors may contribute to the greater inherent persistence of cells in clusters. In the crowded environment of a cell cluster, a moving cell will collide with neighbors, thereby providing a non-stationary physical obstruction that constrains the direction in which neighbors can move. In addition to this physical obstruction, cell-cell adhesions provide the means for momentum transfer from one viscoelastic cell to another. Together, these mechanisms propagate the movement of one cell to bias neighboring cells, leading to collective directed movement greater than that observed in isolated cells. In the context of an electric field, a consequence of this inherent directedness is that aligning an individual cell in a cluster can have broader effects on its neighbors, thereby making the clustered population more responsive to an electric field than isolated cells. We are pursuing experimental and mathematical modeling approaches to examine these mechanisms in greater detail. Meanwhile, in this study, we focus on delineating further the implications of the intrinsic directedness of clustered cells on their electrotactic response.
Although the intrinsic directedness of clustered cells enables them to achieve greater directedness at lower electric potential, the kinetics to achieve alignment is 2-8 fold slower in clustered cells (Fig. 7) . We examined cells that were moving away from the anode during the first hour and quantified how long it took them to redirect toward the anode. Clustered cells are 2-4 fold slower than isolated cells to achieve directedness to the anode. In addition, in the absence of an electric field, clustered cells are 8-fold slower to recover to a random distribution of orientations, demonstrating that the slower orientation kinetics is a property associated with the clustered state. While clustered cells move two-fold slower than isolated cells (Fig. 6c ), this disparity in migration speed only partially explains the 2-8 fold slower orientation dynamics of clustered cells. This analysis suggests that the inherent directedness of clustered cells is an additional significant factor in retarding the orientation dynamics.
Our findings have implications for our understanding of directed collective migration and for developing strategies to tune this physiologically significant mode of migration. Directed collective migration is a critical process in development and the progression of diseases, such as cancer. 4 In these contexts, external molecular fields, such as chemotactic or haptotactic gradients, play a prominent role in conferring directional bias. 7, 34, 38 It will be interesting to determine whether our finding that collective movement enhances sensitivity but retards the kinetics of alignment to an electric field extends to other external fields that bias cell movement. Meanwhile, the results from this study reveal that cell clustering leads to a trade-off in sensitivity vs. dynamics of electrotaxis. Our results provide deeper quantitative insights into this trade-off and help to define the operating space for technologies that seek to affect cell movement using electric fields in applications such as tissue engineering. In addition, electric fields are employed for reasons other than manipulating cell migration in a wide range of therapeutic applications, including drug delivery, hyperthermic eradication of tumors, spinal cord regrowth, and ulcer healing. 12, 15, 18, 30 In such situations, our findings offer insights into the potential off-target effects of the external electric field on the migratory behavior of cells in the exposed region and the possible consequences for cellular organization of the tissue.
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